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ABSTRACT
We investigate the 1.4 GHz radio properties of 92 nearby (z < 0.05) ultra hard X-ray
selected Active Galactic Nuclei (AGN) from the Swift Burst Alert Telescope (BAT) sample.
Through the ultra hard X-ray selection we minimise the biases against obscured or Compton-
thick AGN as well as confusion with emission derived from star formation that typically
affect AGN samples selected from the UV, optical and infrared wavelengths. We find that all
the objects in our sample of nearby, ultra-hard X-ray selected AGN are radio quiet; 83% of
the objects are classed as high-excitation galaxies (HEGs) and 17% as low-excitation galaxies
(LEGs). While these low-z BAT sources follow the radio–far-infrared correlation in a similar
fashion to star forming galaxies, our analysis finds that there is still significant AGN contri-
bution in the observed radio emission from these radio quiet AGN. In fact, the majority of our
BAT sample occupy the same X-ray–radio fundamental plane as have been observed in other
samples, which include radio loud AGN —evidence that the observed radio emission (albeit
weak) is connected to the AGN accretion mechanism, rather than star formation.
Key words: galaxies: active, galaxies: Seyfert, galaxies: evolution, X-rays: galaxies, radio
continuum: galaxies
1 INTRODUCTION
Much progress has been made towards understanding the co-
evolution of central supermassive black holes (SMBHs) and their
host galaxies in both theoretical simulations (e.g. Sesana et al.
2014; Hopkins et al. 2015) and observations (e.g. Kormendy & Ho
2013; Heckman & Best 2014). Recently, it is becoming apparent
that SMBHs (like their host galaxies) follow two distinct evolu-
tionary modes: (1) one that exhibits a high excitation and high
efficiency accretion; and (2) another with a low excitation and
low efficiency accretion (Hopkins et al. 2014; Gatti et al. 2015;
Menci et al. 2014). The accreting SMBHs at the centre of galax-
ies are known as Active Galactic Nuclei (AGN).
While much overlap exists between samples, the AGN popula-
tions identified through soft X-rays, ultraviolet (UV )/optical, mid-
infrared (MIR) and radio observations result in largely distinct sam-
ples. This is largely due to the different origin of the observed emis-
sion, dust obscuration and orientation of the AGN with respect to
the observer’s line-of-sight (e.g. Antonucci 1993; Urry & Padovani
⋆ E-mail:ivy.wong@uwa.edu.au
1995). Typically, soft X-ray- and UV/optical- selected samples of
AGN are biased against obscured AGN (Mushotzky 2004), while
strong MIR emission can be confused with emission from star
formation (Stern et al. 2005; Hickox et al. 2009). Emission at the
shorter wavelengths (soft X-ray and UV/optical) originate from re-
gions closer to the central SMBHs (corona and/or the accretion
disk), while the dominant source of MIR emission is the dusty torus
(e.g. Manners et al. 2002).
Griffith & Stern (2010) studied a sample of radio-, X-ray,
and MIR-selected AGN identified within the COSMOS survey.
Though the soft X-ray selection is biased against obscured AGN,
the MIR and radio selection is less biased against obscured
AGN. From this sample of mostly unobscured AGN, the opti-
cal brightness appears to scale with that observed in the X-ray
and MIR wavelengths—suggestive that the X-ray- and mid-IR-
selected AGNs have high Eddington ratios, similar to those of
optically-selected AGN. On the other hand, the radio brightness
of radio-selected AGN are not typically correlated with their op-
tical brightness. Many low power radio-selected AGN do not ex-
hibit narrow emission lines in the optical wevelengths (Laing et al.
1994; Jackson & Rawlings 1997); can lack the IR emission from
c© 2016 The Authors
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a dusty torus (Whysong & Antonucci 2004; Ogle et al. 2006); and
may not show accretion-related X-ray emission (Hardcastle et al.
2006; Evans et al. 2006). Hence, it is generally thought that radio-
selected AGN represents a SMBH growth mode that involves ac-
cretion mechanism(s) with a lower and wider range of Eddington
ratios (Hickox et al. 2009; Griffith & Stern 2010; Schawinski et al.
2015).
On the other hand, the radio and X-ray emission from lumi-
nous radio-selected AGN have long been understood to be closely-
linked due to the assumed coupling between the accretion disk and
the occasional presence of radio outflows —as described by the
black hole “fundamental plane” correlation (Merloni et al. 2003;
Falcke et al. 2004) observed between the X-ray luminosities (LX),
radio luminosities (LR) and the mass of the SMBH. With few ex-
ceptions (Coriat et al. 2011; Burlon et al. 2013; Panessa & Giroletti
2013; Dong et al. 2014), this correlation holds for radio loud AGN
on scales of parsecs (e.g. Merloni et al. 2003) to kiloparsecs
(Panessa et al. 2015) as well as accreting stellar mass black holes
(as in the case of X-ray binaries). Therefore, how does the black
hole “fundamental plane” correlation fit into the current paradigm
of bimodality in AGN samples?
To investigate the physical mechanisms that are driving the
observed emission at X-ray and radio wavelengths, we study a
sample of nearby ultra hard X-ray selected Seyfert AGN from the
Swift BAT survey (14− 195 keV) compiled by Koss et al. (2011a)
(hereafter known as the K11 sample). While a hard X-ray selec-
tion from emission observed at 2–10 keV is sufficient at revealing
hidden or obscured narrow-line AGN (e.g. Ueda et al. 2007), an
ultra hard X-ray selection at energies greater than 15 keV will re-
veal even Compton-thick sources (with obscuring column densities
> 1024 cm−2) and provide a more complete census of the AGN
population. At the ultra hard energy bands > 15 keV, we also avoid
any possible emission contribution from star formation.
The radio observations in this paper are obtained from two
large surveys at 1.4 GHz using the Very Large Array located in
New Mexico: 1) the Faint Images of the Radio Sky at Twenty-
centimeters (FIRST; Becker et al. 1995; White et al. 1997) survey;
and 2) the NRAO VLA Sky Survey (NVSS; Condon et al. 1998).
The 1.4 GHz observations will be analysed in combination with
the X-ray and far-infrared properties of the host galaxy in order to
shed light on the radio properties (and origin) of a more complete
sample of low-redshift AGN. However, we do not include beamed
AGN such as blazars in our sample because we are interested in
studying the co-evolution between the host galaxy and its accreting
central SMBH.
We describe our ultra hard X-ray selected sample of nearby
AGN from the Swift BAT survey in Section 2.1. Section 2.2 de-
scribes the complementary 1.4 GHz radio observations used in this
paper. Section 3 presents the 1.4 GHz radio properties of the K11
objects which reside in the surveyed regions of FIRST. Section 4.1
examines the relationship between the 1.4 GHz and X-ray proper-
ties of our BAT sample in the context of the black hole “fundamen-
tal plane”. We discuss the implications of our findings in Section
4.2. A summary of our results and conclusions can be found in
Section 5.
2 SAMPLE AND OBSERVATIONS
2.1 The nearby Swift BAT ultra hard X-ray AGN sample
The Burst Alert Telescope (BAT) instrument on board the Swift
satellite telescope has conducted an all-sky survey in the ultra hard
X-ray wavelengths, 14− 195 keV (Tueller et al. 2010). As the po-
sition error of the BAT observations is large (≈ 2′; Koss et al.
2011a), higher resolution X-ray observations have been obtained
for nearly every source using the Swift X-ray Telescope (XRT)
instrument (Burrows et al. 2005). To investigate the co-evolution
of AGN and their host galaxies, Koss et al. (2011a) selected 183
nearby AGN that reside at z < 0.05. Beamed AGN such as blazars
have been specifically excluded from this sample.
2.2 Complementary 1.4 GHz observations
In this paper, we study the 1.4 GHz properties of the K11 sam-
ple primarily using the observations from the Faint Images of the
Radio Sky at Twenty Centimeters (FIRST; Becker et al. 1995;
White et al. 1997) survey1 covering > 9000 square degrees of the
Northern sky down to a 1σ noise level of 150 µJy beam−1 at 5′′
angular resolution. We also compare the results from FIRST to the
larger NRAO VLA Sky survey (NVSS; Condon et al. 1998) which
uses the VLA in a different array configuration.
The FIRST survey was selected as the primary source of the
1.4 GHz observations because the angular resolution afforded by
FIRST is more consistent with observations at shorter wavelengths
and minimises confusion in the cross-identification of sources.
The angular resolution of FIRST is a factor of 9 smaller than
that obtained by NVSS. While NVSS covers a larger area of sky
than FIRST, NVSS is relatively shallow and has a 50% complete-
ness level at 2.5 mJy beam−1 and an angular resolution of 45′′
(Condon et al. 1998). The trade-off with greater angular resolu-
tion in interferometric observations is the likelihood of resolving
out the larger angular scale diffused emission. While NVSS is un-
able to distinguish between multiple radio sources which are closer
than 50′′ in separation, extended NVSS sources would be resolved
into several radio components by FIRST where the total flux of
all components is less than a single extended Gaussian component
(White et al. 1997).
Due to these complications in comparing the flux densities be-
tween the FIRST and NVSS surveys, we use the measurements
from both the FIRST and NVSS surveys in Section 4 to ensure
that the results found in this paper are not biased by the technical
aspects of radio interferometry.
3 RADIO 1.4 GHZ PROPERTIES OF THE SWIFT BAT
SAMPLE
Of the 183 BAT nearby AGN from Koss et al. (2011a), we find
108 sources that are located in regions observed by the FIRST
1.4 GHz radio survey (Becker et al. 1995). The 1.4 GHz flux mea-
surements for our sample are obtained from the FIRST catalogue
(White et al. 1997)2. Table 1 lists the properties of these 108 BAT-
selected sources. Figure 1a shows the distribution of 1.4 GHz radio
luminosity densities (P1.4GHz) of the nearby Swift BAT AGN sam-
ple. With the exception of Mrk 463, the K11 sample detected by
FIRST have 1.4 GHz luminosity densities below 1024 W Hz−13.
Previous radio source population studies at 1.4 GHz have found
that sources with 1.4 GHz luminosities greater than 1024 W Hz−1
1 http://sundog.stsci.edu/
2 The FIRST catalogue is available online at
http://sundog.stsci.edu/cgi-bin/searchfirst
3 A luminosity density, P1.4GHz = 1024 W Hz−1 corresponds to a
monochromatic radio luminosity, L1.4GHz of 1040.15 ergs s−1.
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Figure 1. Panel (a): the 1.4 GHz radio luminosity distribution of the nearby
Swift BAT AGN sample detected by the FIRST survey (Becker et al. 1995).
Panel (b): radio loudness (Ivezic´ et al. 2002) as a function of 1.4 GHz ra-
dio luminosity. The dotted line marks the separation between radio-loud
and radio-quiet sources (Ivezic´ et al. 2002). Panel (c): the stellar masses
of the host galaxies (Koss et al. 2011a) as a function of radio luminosity.
Panel (d): the structural concentration index as a function of radio lumi-
nosity. The horizontal dotted line marks the division between bulge- and
disk-dominated host galaxies (e.g. Strateva et al. 2001). Panel (e): The ex-
citation indices (Buttiglione et al. 2010) as a function of the 1.4 GHz radio
luminosity for the K11 sample where optical emission lines have been mea-
sured. The dashed line separates the HEGs from the LEGs in this sample
(Best & Heckman 2012).
are most likely from AGN, whereas 1.4 GHz luminosities below
1024 W Hz−1 consist of radio emission from both AGN and star-
forming galaxies (e.g. Rosario et al. 2013; Condon et al. 2012;
Kimball et al. 2011; Mauch & Sadler 2007).
The radio loudness of a source can be defined using the radio
loudness parameter, R (Ivezic´ et al. 2002):
R = 0.4(i− t) (1)
where i and t represents the i-band and 1.4 GHz radio magnitude
in the AB-magnitude system, respectively. The AB radio magni-
tude t = −2.5log(SINT/3631Jy) where SINT represents the in-
tegrated flux from FIRST (Ivezic´ et al. 2002). A radio source is
considered radio-loud where R > 2.0. The observed correlation
between R and P1.4GHz is not surprising due to the presence of the
radio flux measurements in both parameters. We find that the ul-
tra hard X-ray selection of the K11 sample consists of radio-quiet
galaxies (see Figure 1b).
For the 16 K11 sources which have not been detected by the
FIRST survey, we stacked all 16 non-detections and found an aver-
age P1.4GHz = 1.1×1021 W Hz−1 (L1.4GHz = 1037.19 ergs s−1).
We find that on average, the radio luminosity densities of our sam-
ple do not correlate with the stellar mass nor the structural concen-
tration of the host galaxies (panels c and d of Figure 1). A bulge-
dominated galaxy is described by concentration indices greater
than 2.6, while disk-dominated galaxies is described by concen-
tration indices below 2.6 (Strateva et al. 2001).
A hard X-ray AGN selection selects for AGN which straddle
the division between high-excitation- and low-excitation- galax-
ies; also known as HEGs and LEGs (e.g. Hardcastle et al. 2007).
While HEGs dominate at radio luminosity densities above P1.4 =
1026 W Hz−1 (L1.4GHz = 1042.15 ergs s−1), both HEGS and
LEGS are found at lower luminosity densities. LEGs are also typ-
ically associated with early-type galaxies. Conversely, HEGs can
be hosted by late-type galaxies with younger stellar populations
and have high Eddington ratios. Optical spectroscopic measure-
ments of emission lines are obtained from Koss et al. (2011a) and
from SDSS DR10 (for the K11 sample with FIRST detections)
in order to determine the distribution of excitation indices in our
hard X-ray selected sample of nearby AGN. The excitation index
(EI) is parameterised from six optical emission lines as follows
(Buttiglione et al. 2010; Best & Heckman 2012):
EI = log
[
[OIII ]
[Hβ]
]
−
1
3
[
log
[NII ]
[Hα]
+ log
[SII ]
[Hα]
+ log
[OI ]
[Hα]
]
(2)
Recent studies by Best & Heckman (2012) found that LEGs typi-
cally have EI < 0.95 while HEGs have EI > 0.95. Following
this definition, we find that only 17% of our sample have excitation
indices that are consistent with LEGs, with the remaining sample
consisting of HEGs (Figure 1e).
3.1 Compact radio sources
With the advent of the current generation of large area radio
continuum surveys such as NVSS (Condon et al. 1998), FIRST
(Becker et al. 1995) and WENSS (Rengelink et al. 1997) in the
Northern hemisphere and SUMSS (Bock et al. 1999; Mauch et al.
2003) in the Southern hemisphere; it is now commonly understood
that the most luminous radio sources in the Universe are powered
by AGN. However at low luminosity densities, we see an increase
in radio emission contribution from star-forming galaxies to the ra-
dio luminosity function (e.g. Condon 1989; Mauch & Sadler 2007;
Prescott et al. 2016).
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Figure 2. The radio–FIR correlation for our sample of compact radio
sources (shown by the purple solid points). The solid and dashed lines
are not fits to our sample but rather, the radio–FIR correlation found by
Yun et al. (2001).
The vast majority (93.4%) of the nearby Swift BAT AGN have
been found by the FIRST survey to be compact radio sources in ad-
dition to being radio-quiet. Therefore, is the radio emission orig-
inating from the star formation, or the AGN, or a combination
of both (Condon 1992; Haarsma et al. 2000; Kimball et al. 2011;
Condon et al. 2013)?
To further investigate the radio emission origin in this ultra
hard X-ray selected sample, we begin by examining this sample
in the context of the radio–FIR correlation—a correlation often
used to calibrate and determine the star formation rates of galaxies
(Van der Kruit 1971; Helou et al. 1985; Condon & Broderick 1988;
Yun et al. 2001). It is often thought that this correlation is a reflec-
tion of the star formation process because the far-infrared emission
at 60-to-250 µm is typically dominated by emission from star for-
mation processes (e.g. Yun et al. 2001; Bell 2003). The infrared
emission arising from AGN typically originates from the AGN
torus that is composed of hot dust at temperatures of ≈ 1200–
1500 K (close to the sublimation temperatures of silicate and
graphite grains), which results in emission that peaks in the mid-
infrared (7–30 µm) wavelengths (Rodrı´guez-Ardila & Mazzalay
2006; Elitzur 2006; Schartmann et al. 2005).
We calculate the 60 µm luminosities following the calibration
from Yun et al. (2001) where log L60(L⊙) = 6.014 + 2logD +
logS60 and the 60 µm fluxes (S60) are from the IRAS Faint
Source Catalog (Moshir & et al. 1990). Figure 2 shows that our
sample is largely consistent with the radio–FIR correlation found
by Yun et al. (2001) (represented by the solid black line).
We would not have naively expected the FIR emission to cor-
relate with the 1.4 GHz radio emission if the AGN is contribut-
ing solely to the observed radio emission because the FIR emis-
sion of AGN and non-AGN galaxies are relatively similar. Recent
results have verified indeed that it is not possible to distinguish
between AGN and non-AGN galaxies solely from the far-infrared
emission at 60-to-250 µm (Hatziminaoglou et al. 2010) and the ad-
dition of mid-infrared observations is crucial for the identification
of the AGN population (Hatziminaoglou et al. 2010; Manners et al.
2002). Therefore, to further investigate the AGN origin of the ob-
served radio emission, we compare the slope of the radio–FIR cor-
relation with the far-infrared spectral index between 25 µm and
60 µm (a proxy for the dust temperature within the galaxy).
The slope of the radio–FIR correlation is parameterised as q
(e.g. Helou et al. 1985; Condon et al. 2002):
q = log
[
FIR/(3.75× 1012
S1.4GHz
]
(3)
where the FIR flux between 42.5 µm and 122.5 µm, FIR
[W m−2] = 1.26 × 10−14[2.58S60 + S100]; and S60
and S100 are the observed flux densities at 60 µm and
100 µm (in units of Jansky). Following the methodology of
Mauch & Sadler (2007), we calculate the far-infrared spectral in-
dex as α = log(S25/S60)/log(60/25) (e.g. Condon et al. 2002;
Mauch & Sadler 2007). Figure 3 compares the distribution of α
values as a function of the q parameters for our BAT sample (pur-
ple solid points) to those of a low redshift sample of star-forming
galaxies. Similar to Figure 2, the uncertainties in the 1.4 GHz mea-
surements are smaller than the data points shown in Figure 3.
While the distribution of q parameters for our sample appear
similar to that of star-forming galaxies, we do find a significant
fraction of the nearby BAT AGN that appear to have warmer dust
temperatures (flatter FIR spectral indices, α > −1.5) as well as
lower q values than are typical for star-forming galaxies (small
blue circles). The Kolmogorov-Smirnov test is used to compare
the distribution of q and α values that we obtained for the com-
pact objects in our BAT sample to those of star forming galaxies
from Mauch & Sadler (2007). We find low probability values of
3.6× 10−4 and 1.8 × 10−8 (for the q and α values, respectively),
meaning that the distributions for the BAT sample and that of star
forming galaxies do not arise from the same parent distribution.
Therefore, from the comparison of q and α values, it is statistically
unlikely for the radio and FIR emission of our sample to be due
solely to star formation within the host galaxy.
So why is our sample largely consistent with the radio–FIR
correlation even though the radio emission of our sample is unlikely
to have a star formation origin? One likely explanation for this is
that while our radio emission may be dominated by the compact
core AGN emission; the 60 µm measurements probably include
emission from star formation that is occuring beyond the cores of
our sample galaxies, as the native angular resolution from IRAS is
a few arcminutes in size (Moshir & et al. 1990). Hence, the main
conclusion from this section is that the origin of the 1.4 GHz radio
emission is likely to include a significant AGN contribution even
though our sample is largely consistent with the radio–FIR correla-
tion. We further investigate the AGN origin of our radio-quiet K11
sample in the context of the black hole fundamental plane relation-
ship in Section 4.1
3.2 Extended radio sources
We find seven BAT sources with extended radio morphologies.
Figure 4 presents the radio and optical maps of the K11 sample
with extended radio emission. With the exception of M 106, the
extended radio morphologies for the remaining six BAT sources
exhibit characteristics consistent with being AGN-driven radio out-
flows. The extended radio emission in NGC 1052 appears to be
bipolar radio jets emanating from the central AGN. In the cases
of NGC 3079 and NGC 4388, the extended radio emission shows
orthogonal radio jets as well as star formation within the disks of
the galaxies. Due to our proximity to M 106, we observe extended
radio emission due to star formation from within the galaxy disk.
Mrk 739 is a rare binary AGN (Koss et al. 2011b; Teng et al.
2012) and consist of Mrk 739E (the eastern core) and Mrk 739W
MNRAS 000, 1–?? (2016)
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Figure 3. Distribution of Swift BAT AGNs and star-forming galaxies us-
ing the q versus α parameters where q represents the FIR–radio flux ratios
and α represents the FIR spectral index between 60 and 25 microns. Our
sample is shown by the large purple solid points and purple upper limits.
The small blue open circles represent the sample of star-forming galaxies
from Mauch & Sadler (2007). The horizontal dashed line separates galax-
ies dominated by ‘warm’ (α > −1.5) and ‘cool’ (α < −1.5) dust. The
vertical dotted line marks the q = 1.8 value that is used to differentiate
star-forming galaxies from AGNs via the radio–FIR correlation by previous
studies (e.g. Condon et al. 2002).
(the western core). Mrk 739E has high Eddington ratio and is ac-
creting efficiently, while, Mrk 739W only shows evidence for an
AGN in hard X-ray observations as it has very low [OIII] optical
line emission. It is possible that the extended radio emission ob-
served to the west of Mrk 739W is due to the inefficiently-accreting
AGN in Mrk 739W.
Due to the face-on nature of NGC 5548 and the projected
proximity to a pair of unrelated radio sources, it is unclear whether
the observed extended emission within the core of the galaxy is due
to star formation or the central supermassive black hole. While not
explicitly a merger, this galaxy does show signs of previous inter-
actions (as exemplified by the long tidal tail).
4 DISCUSSION
4.1 The radio–X-ray “fundamental plane” for weak radio
AGN
We have shown in Section 3.1 that the radio and FIR properties of
our radio quiet K11 sample is statistically distinct from that of star-
forming galaxies even though a large number of BAT sources ap-
pear to follow the radio–FIR correlation that is typically populated
by star-forming galaxies. The radio–X-ray “fundamental plane”
correlation infers a scale invariant coupling between the accretion
of matter onto a black hole and the observed radio synchrotron
emission, often in the form of a radio jet. Therefore we hypothe-
sise that the K11 sample of radio quiet AGN is likely to follow the
radio–X-ray ‘fundamental plane’ relationship (e.g. Merloni et al.
2003; Falcke et al. 2004; Panessa et al. 2015) if the observed radio
emission is due to an accreting supermassive black hole rather than
star formation from within the host galaxy.
Figure 5 shows the radio–X-ray ‘fundamental plane’ relation-
ship as described by Merloni et al. (2003) as the thick solid black
line. We represent the FIRST measurements of the compact and ex-
tended radio sources as purple solid points and purple asterisks, re-
spectively. In addition, the NVSS measurements of the same com-
pact and extended radio sources are represented by the orange open
circles and orange triangles, respectively. We use the 1.4 GHz mea-
surements from both the FIRST and NVSS surveys to rule out the
potential for the underestimation of diffused radio emission from
the FIRST observations.
The black hole masses for our sample are determined using
the central stellar velocity dispersion σ⋆ and single epoch broad
line Hβ measurements (Koss & et al. 2016). The measurements
assumed the the M-σ relation from Kormendy & Ho (2013). For
broad line sources, we estimate the black hole masses using an
Hβ fitting routine which includes the fitting of the Fe II lines
on the red wing as well as [O III] (λ=4959A˚) as described by
Trakhtenbrot & Netzer (2012). In addition, the 15–195 keV emis-
sion from the Swift BAT observations were scaled by a factor
of 2.67 to X-ray luminosities expected at 2–10 keV (Rigby et al.
2009).
To determine the expected correlation between the radio and
X-ray emission for galaxies whose emission is entirely dominated
by the star formation process, we assume a zero black hole mass.
The blue dashed line in Figure 5 represents the relationship that we
would expect from a purely star-forming galaxy without a central
supermassive black hole. The X-ray luminosity to star formation
rate calibration from Mineo et al. (2014) and Bell (2003) is used to
estimate the blue dashed line in Figure 5.
As can be seen from Figure 5, the radio–X-ray ‘fundamental
plane’ relationship provides a useful diagnostic for differentiating
between the radio emission that originates from black hole activ-
ity and that from star formation. This is especially the case for the
K11 sample where the radio emission in a majority of our sample is
consistent with that expected from an accreting supermassive black
hole. The purple and orange thin solid lines in Figure 5 are ordinary
least squares bisector fits to the observed measurements from the
FIRST and NVSS surveys, respectively. The residual dispersions
of these fits are 0.84 dex and 0.78 dex for the FIRST and NVSS
measurements, respectively. While the fits to our sample (as shown
by the purple and orange lines in Figure 5) appear to be offset from
the ‘fundamental plane’ relationship as described by Merloni et al.
(2003), we note that this offset is not statistically significant as the
relationship described by Merloni et al. (2003) lies within the un-
certainties of our fits.
The two largest outliers to the ‘fundamental plane’ are
NGC 3079 and Mrk 766. NGC 3079 has an extended radio mor-
phology which includes radio emission from its star forming disk
for which we have not subtracted. Mrk 766 is a narrow line Seyfert
1 AGN hosted by a nearby star forming spiral galaxy where a 60
parsec extended radio outflow have been previously observed at
3.6 cm by Ulvestad et al. (1995). Similar to NGC 3079, the syn-
chrotron emission from star formation within Mrk 766 is likely to
dominate the observed 1.4 GHz emission even though a radio jet
is present. In addition to greater uncertainties in the measurements
of diffused radio emission (White et al. 1997), it is also known that
the connection to the radio jet emission mechanism may depend on
timescale and observed radio frequency (Burlon et al. 2013).
Our current understanding of the relationship between the ra-
dio and X-ray luminosities of radio-loud AGN is that the X-ray
emission is typically correlated with the global radio emission and
not the emission from the younger parsec-scale inner radio jet emis-
sion (Panessa & Giroletti 2013; Burlon et al. 2013; Panessa et al.
2015). In addition, the radio–X-ray comparison by Burlon et al.
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Figure 4. Radio 1.4 GHz observations from the FIRST survey (cyan contours) and optical ugriz colour maps from SDSS DR12 (Alam et al. 2015) of seven
Swift BAT AGN with extended radio continuum emission. The lowest FIRST radio contour in every panel begins at 4σ where 1σ = 150 µJy beam−1 . Each
subsequent radio contour for NGC 1052 increase by a factor of 3, while, the radio contours are spaced at increments of
√
3 for all the other galaxies. The
yellow bar at the bottom-right of each panel marks the physical scale of 10 kiloparsecs. To better illustrate the extended radio continuum emission observed
within the star-forming disk of M 106, we include the NVSS observations as orange dotted contours at the 3.5σ, 10σ and 100σ levels.
(2013) at 20 GHz found a significantly different slope to previous
studies which investigated the radio emission at lower frequencies
(e.g. Merloni et al. 2003; Panessa et al. 2015). However, the results
from Burlon et al. (2013) are likely to be hampered by distance ef-
fects and the inclusion of beamed blazars in their sample.
While the accretion disk–radio jet coupling has often been
thought to be the physical interpretation for the radio–X-ray ‘fun-
damental plane’ (e.g. Doi et al. 2011), recent studies such as
Behar et al. (2015) and Kharb et al. (2015) have proposed alter-
native non-jet origins for the observed radio emission from radio
quiet AGN which may also account for any observed offset in the
‘fundamental plane’ between our K11 sample and those of nearby
Seyferts from Merloni et al. (2003). Unlike radio loud AGN, the
radio emission from radio quiet AGN can originate from the accre-
tion disk corona (Behar et al. 2015; Kharb et al. 2015). The corona
radio emission are neither collimated nor relativistic and are analo-
gous to stellar coronal mass ejections (Bastian et al. 1998; Bastian
2007). If this is the true explanation for the observed radio emis-
sion in radio quiet AGN, the corollary is a lower radio-to-X-ray
luminosity ratio than that observed in radio loud AGN (Behar et al.
2015). However, as we have not observed a statistically significant
decrease in the radio-to-X-ray luminosity ratio for our sample, rel-
ative to that found from Merloni et al. (2003), we are not able to
confirm the possibility of the non-jet origin for the radio emission
observed in our sample.
In summary, we have found that the majority of our radio
quiet K11 sample is consistent with the general black hole ‘fun-
damental plane’ even though our sample appears to be consistent
with the radio–FIR correlation that we expect from star-forming
galaxies. While it is possible for the observed radio emission to
be dominated by star formation from the host galaxy, our ‘funda-
mental plane’ results indicate that star formation alone is not able
to explain the observed radio and X-ray emission from these ra-
dio quiet AGN. Our results are consistent with other recent stud-
ies that make the argument that the radio emission of radio quiet
quasars are AGN-related (Zakamska et al. 2016; Barger et al. 2015;
White et al. 2015). Related to these results are those from previous
studies by Ho & Ulvestad (2001); Nagar et al. (2002) who found
significant detections of radio sources with both compact and jet
morphologies in radio surveys of optically-selected low luminosity
AGN. This is in contrast to to other results that find that the radio
emission from radio quiet galaxies are more consistent with that of
star-forming galaxies (e.g. Bonzini et al. 2015).
4.2 Implications
The similarity of the K11 radio and FIR properties to the radio–
FIR correlation for star forming galaxies is consistent with previ-
ous studies such as Moric´ et al. (2010) who found that a significant
number of Seyfert galaxies also follow the radio–FIR correlation.
Therefore, caution should be exercised when using the radio–FIR
correlation to differentiate between galaxies dominated by AGN
versus star formation as well as to infer accurate star formation
rates in galaxies that host an actively accreting, albeit radio quiet,
supermassive black hole.
While some studies suggest that the accretion mechanism for
radio-selected AGN is different to that of optical- or X-ray selected
AGN samples (e.g. Griffith & Stern 2010), we argue that the ‘fun-
damental plane’ correlation between the radio and X-ray luminosi-
ties (Merloni et al. 2003; Falcke et al. 2004) support the idea that
the radio and X-ray properties are likely to be linked by the ac-
cretion mechanism. We hypothesise that the difference is rather in
the origin of the observed radio emission. The non-jet alternative
origin for the observed radio emission, that is, the accretion disk
MNRAS 000, 1–?? (2016)
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Figure 5. The radio–X-ray “fundamental plane” (Merloni et al. 2003) is represented by the black solid line. The FIRST measurements of compact and extended
AGN are represented by solid purple points and purple asterisks, respectively. The NVSS measurements of compact and extended AGN are represented by
the orange open circles and orange open triangles, respectively. Ordinary least squares bisector fits to the FIRST and NVSS observations are shown by the
thin purple and thin orange lines, respectively. The thick blue dashed line shows the expected relationship if the sole origin of the observed radio and X-ray
luminosities is from star formation (Mineo et al. 2014; Bell 2003).
corona origin for the observed radio emission (Behar et al. 2015;
Kharb et al. 2015) can explain any observed offset in our sample
relative to the ‘fundamental plane’ from Merloni et al. (2003) as
well as the consistency between the K11 sample and the radio–
FIR correlation observed in star forming galaxies. A corona ori-
gin for the observed radio emission is likely to be correlated to
the FIR luminosities and dust temperatures. In fact, a recent study
by Smith et al. (2014) has found a temperature dependence in the
radio–FIR correlation in the Herschel-ATLAS survey, whereby
250 µm sources with warm dust spectral energy distributions have
larger 1.4 GHz luminosities than cooler sources.
While many simulations have used the AGN radio-mode as
a regulator of star formation within galaxies (e.g. Croton et al.
2006), a recent study by Kaviraj et al. (2015) have found that the
onset of the radio AGN is relatively late (after a few dynamical
timescales) into the associated starburst phases. As such, the ra-
dio mode of AGN is unlikely to affect the star formation history
of the galaxy. On the other hand, given the ubiquity of accreting
supermassive black holes, our results show that radio quiet AGN
are still injecting additional radio feedback into its surrounding
medium and provide observational evidence for the radio mainte-
nance mode that have long been proposed by simulations. An im-
portant implication of our result is that the observed differences be-
tween optically-selected and radio-selected samples of AGN can-
not be simply attributed to the accretion efficiencies.
5 SUMMARY AND CONCLUSIONS
We find that the ultra hard X-ray selection of AGN from Koss et al.
(2011a) have radio properties that appear to follow the radio–FIR
correlation that we expect for star-forming galaxies. However, fur-
ther analysis of our K11 sample as a population and as individ-
ual sources show that the observed radio emission is more consis-
tent with with the processes associated with accreting supermassive
black holes.
We show that our sample of BAT sources follows the radio–
X-ray ‘fundamental plane’ correlation—an indication that the ob-
served radio emission is related to the accretion processes traced
by the observed X-ray emission. Consistent with recent studies of
radio quiet AGN (e.g. Zakamska et al. 2016; Barger et al. 2015;
White et al. 2015), we conclude that radio quiet AGN includes a
non-negligible component of AGN-driven radio emission and that
the radio emission from galaxies hosting radio quiet AGN does not
solely consist of radio emission from star formation even if the ra-
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dio and FIR emission is mostly consistent with the radio–FIR cor-
relation.
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Table 1: The properties of the 108 nearby Swift BAT AGN sample that are located
in regions observed by the FIRST 1.4 GHz radio survey.
Galaxy RA Declination Redshift Distance log (M⋆) S1.4
2MASX J01064523+0638015 01:06:45.2 06:38:01.6 0.041 178.7 10.4 1.8
MCG -01-05-047 01:52:49.0 -03:26:48.6 0.016 72.2 10.5 15.1
NGC 788 02:01:06.5 -06:48:57.0 0.013 58.0 10.68 3.0
Mrk 1018 02:06:16.0 -00:17:29.3 0.042 186.1 10.92 3.4
ARP 318 02:09:20.9 -10:07:59.2 0.013 56.3 — 2.1
Mrk 590 02:14:33.6 -00:46:0.3 0.026 113.7 10.84 9.9
Mrk 1044 02:30:05.5 -08:59:53.6 0.016 70.4 9.88 1.2
NGC 985 02:34:37.9 -08:47:17.0 0.043 187.7 10.71 5.7
NGC 1052 02:41:04.8 -08:15:20.7 0.005 19.6 10.35 1053.0
Mrk 595 02:41:34.9 07:11:14.0 0.027 116.4 10.3 —
MCG -02-08-014 02:52:23.4 -08:30:37.7 0.017 71.7 10.01 6.6
NGC 1142 02:55:12.3 -00:11:01.8 0.029 124.6 10.93 < 0.3
NGC 1194 03:03:49.1 -01:06:13.0 0.013 56.9 10.32 1.5
2MASX J03305218+0538253 03:30:52.2 05:38:25.3 0.046 201.3 10.02 3.6
Mrk 79 07:42:32.9 49:48:35.0 0.022 95.4 10.57 14.9
UGC 03995 07:44:09.1 29:14:50.7 0.016 68.0 10.57 —
Mrk 10 07:47:29.0 60:56:00.9 0.029 126.4 10.73 —
2MASX J07595347+2323241 07:59:53.5 23:23:24.2 0.030 128.0 10.57 18.0
IC 0486 08:00:21.0 26:36:48.3 0.027 117.5 10.61 3.1
MCG +02-21-013 08:04:46.4 10:46:36.3 0.034 149.3 10.68 21.9
CGCG 031-072 08:14:25.3 04:20:32.4 0.033 143.2 10.27 —
MCG +11-11-032 08:55:12.6 64:23:45.2 0.036 156.3 10.33 —
Mrk 18 09:01:58.4 60:09:06.2 0.011 47.2 9.57 26.3
2MASX J09043699+5536025 09:04:37.0 55:36:02.7 0.037 161.4 9.76 1.4
2MASX J09112999+4528060 09:11:30.0 45:28:06.0 0.026 115.5 9.76 3.4
Mrk 704 09:18:26.0 16:18:19.7 0.029 126.3 10.34 6.9
SBS 0915+556 09:19:13.2 55:27:55.2 0.049 213.0 — 2.5
IC 2461 09:19:58.0 37:11:27.8 0.008 72.9 9.54 4.4
MCG +04-22-042 09:23:43.0 22:54:32.4 0.033 141.5 10.49 9.3
Mrk 110 09:25:12.9 52:17:10.5 0.035 153.6 9.9 8.2
Mrk 705 09:26:03.2 12:44:04.1 0.028 120.8 10.18 8.5
NGC 2885 09:27:18.5 23:01:12.1 0.026 112.0 10.56 2.8
CGCG 312-012 09:29:37.9 62:32:38.3 0.026 110.3 10.3 2.4
CGCG 122-055 09:42:04.8 23:41:06.6 0.021 91.8 9.94 5.9
IC 2515 09:54:39.4 37:24:30.8 0.019 82.7 10.04 3.6
NGC 3079 10:01:57.8 55:40:47.2 0.004 19.3 9.98 293.0
NGC 3227 10:23:30.6 19:51:54.3 0.003 20.9 9.98 82.8
MCG +06-24-008 10:44:49.0 38:10:52.5 0.026 111.5 10.23 9.7
UGC 05881 10:46:42.5 25:55:54.0 0.021 88.1 10.22 9.0
Mrk 417 10:49:30.9 22:57:52.4 0.033 142.1 10.2 —
Mrk 728 11:01:01.8 11:02:48.8 0.030 154.7 10.09 2.9
Mrk 732 11:13:49.7 09:35:10.7 0.029 126.3 10.48 4.7
ARP 151 11:25:36.2 54:22:57.3 0.021 90.5 9.7 3.0
NGC 3718 11:32:34.9 53:04:04.2 0.003 17.0 9.98 10.6
UGC 06527 11:32:40.2 52:57:01.1 0.026 113.9 10.22 25.8
IC 2921 11:32:49.3 10:17:47.4 0.044 191.0 — —
Mrk 739E 11:36:29.3 21:35:45.0 0.030 128.4 10.47 3.4
NGC 3786 11:39:42.5 31:54:33.7 0.009 41.6 10.01 13.2
KUG 1141+371 11:44:29.9 36:53:08.6 0.038 165.5 10.19 —
UGC 06732 11:45:33.2 58:58:40.0 0.010 42.3 — 4.7
MCG +05-28-032 11:48:46.0 29:38:28.6 0.023 99.0 10.14 10.4
IC 0751 11:58:52.6 42:34:13.7 0.031 134.1 10.48 43.0
2MASX J12005792+0648226 12:00:57.9 06:48:22.7 0.036 156.1 10.58 5.2
Mrk 1310 12:01:14.4 -03:40:41.0 0.019 86.1 — 3.1
NGC 4051 12:03:09.7 44:31:52.5 0.002 14.5 9.44 19.3
ARK 347 12:04:29.6 20:18:58.1 0.023 96.9 10.3 2.2
Continued on next page
MNRAS 000, 1–?? (2016)
Radio AGN contribution to the radio–FIR correlation 11
Table1 – continued from previous page
Galaxy RA Declination Redshift Distance log (M⋆) S1.4
UGC 07064 12:04:43.4 31:10:38.0 0.025 107.6 10.54 7.6
NGC 4102 12:06:23.1 52:42:39.4 0.003 21.0 9.68 223.4
Mrk 198 12:09:14.1 47:03:30.3 0.025 105.8 10.12 9.4
NGC 4138 12:09:29.8 43:41:07.2 0.003 15.6 9.61 —
KUG 1208+386 12:10:44.3 38:20:10.2 0.023 98.0 10.02 5.9
Mrk 1469 12:16:07.1 50:49:30.1 0.031 134.1 10.22 7.9
NGC 4235 12:17:09.9 07:11:30.0 0.008 35.1 10.36 5.1
Mrk 766 12:18:26.5 29:48:46.2 0.013 54.0 10.02 40.3
M 106 12:18:57.6 47:18:13.4 0.002 7.5 9.95 93.0
Mrk 50 12:23:24.1 02:40:44.4 0.023 99.7 9.9 —
NGC 4388 12:25:46.8 12:39:43.5 0.008 18.3 10.53 45.0
NGC 4395 12:25:48.9 33:32:48.3 0.001 4.1 8.28 1.2
NGC 4593 12:39:39.5 -05:20:39.2 0.009 44.0 10.75 5.2
NGC 4686 12:46:39.8 54:32:03.1 0.017 71.7 10.68 4.7
SBS 1301+540 13:03:59.4 53:47:30.1 0.030 129.2 9.79 1.2
NGC 4992 13:09:05.6 11:38:02.7 0.025 108.5 10.64 1.6
UGC 08327 13:15:17.3 44:24:25.9 0.037 158.8 10.55 11.8
NGC 5106 13:20:59.6 08:58:42.2 0.032 138.3 10.59 93.0
NGC 5231 13:35:48.3 02:59:55.6 0.022 93.5 10.51 6.7
NGC 5252 13:38:15.9 04:32:33.0 0.022 95.5 10.59 12.6
Mrk 268 13:41:11.2 30:22:41.1 0.040 173.6 10.64 41.3
NGC 5273 13:42:08.4 35:39:15.3 0.004 17.7 9.64 2.9
CGCG 102-048 13:44:15.7 19:33:59.7 0.027 116.0 10.31 2.2
NGC 5290 13:45:19.1 41:42:44.4 0.009 35.7 10.23 10.4
UM 614 13:49:52.8 02:04:45.0 0.033 142.3 9.99 0.9
Mrk 464 13:55:53.5 38:34:28.7 0.051 222.8 9.67 15.0
Mrk 463 13:56:02.8 18:22:17.3 0.050 221.0 10.61 367.8
CGCG 046-033 14:00:18.4 05:02:42.2 0.034 148.7 10.18 10.0
NGC 5506 14:13:14.9 -03:12:27.2 0.006 28.7 10.02 337.9
NGC 5548 14:17:59.5 25:08:12.4 0.017 71.4 10.46 24.4
NGC 5610 14:24:22.9 24:36:51.4 0.017 72.3 10.28 22.4
NGC 5674 14:33:52.3 05:27:29.8 0.025 107.3 10.57 11.0
NGC 5683 14:34:52.5 48:39:42.9 0.036 157.3 10.22 —
Mrk 817 14:36:22.1 58:47:38.9 0.031 135.2 10.41 9.2
Mrk 477 14:40:38.1 53:30:15.0 0.038 164.0 9.87 59.2
2MASX J14530794+2554327 14:53:07.9 25:54:32.8 0.049 213.0 — —
Mrk 841 15:04:01.2 10:26:16.4 0.036 158.2 9.97 —
Mrk 1392 15:05:56.6 03:42:26.2 0.036 157.3 10.64 8.8
NGC 5899 15:15:03.3 42:02:59.5 0.009 43.9 10.28 10.4
NGC 5940 15:31:18.1 07:27:27.7 0.034 147.4 10.47 —
Mrk 290 15:35:52.4 57:54:09.5 0.030 128.1 9.8 5.3
2MASX J16174158+0607100 16:17:41.6 06:07:10.0 0.038 164.8 10.14 —
CGCG 198-020 17:12:28.4 35:53:02.3 0.026 112.0 10.38 —
ARP 102B 17:19:14.5 48:58:49.4 0.024 104.0 10.25 158.7
CGCG 300-062 17:43:17.3 62:50:20.8 0.033 143.0 9.9 1.5
Mrk 520 22:00:41.4 10:33:08.0 0.027 114.7 10.4 60.8
MCG +01-57-016 22:40:17.1 08:03:13.4 0.025 107.5 10.26 8.2
NGC 7469 23:03:15.7 +08:52:25.3 0.016 69.8 10.49 145.7
Mrk 926 23:04:43.5 -08:41:08.5 0.047 206.5 10.82 22.5
NGC 7603 23:18:56.6 00:14:37.6 0.029 126.6 10.94 21.1
NGC 7679 23:28:46.7 +03:30:41.0 0.017 73.4 10.17 26.6
NGC 7682 23:29:03.9 +03:32:00.0 0.017 73.1 10.53 54.0
Col. (1): Object identification. Col. (2): Galaxy centre’s right ascension (J2000). Col. (3): Galaxy center’s declination (J2000). Col. (4):
Redshift. Col. (5): Distance in Megaparsecs. Col. (6): log stellar mass (M⊙). Col. (7): Total 1.4 GHz flux in mJy from FIRST.
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